Scatterhoarding is a common behavioral strategy to conserve food during periods of scarcity, but this type of food storage is vulnerable to theft or pilferage. A variety of environmental factors and cache characteristics influence the rate of pilferage. Here we investigate 2 environmental factors, which heretofore have not received much attention: the abundance and species richness of scatterhoarding animals in the vicinity of scatterhoarded seeds. We measured the rate of cache pilferage at 7 sites that differed in the number and species composition of granivorous rodents in western Nevada using local native seeds and sunflower seeds. We found that there was no difference between the pilferage rate of native seeds and sunflower seeds, but that sites with different rodent abundances had different pilferage rates. Pilferage rates were proportional to the abundance of scatterhoarding rodents. Scatterhoarding rodents removed seeds at the rate of 1.3%/day/rodent individual. Species richness of scatterhoarding rodents was not correlated with rates of pilferage. These results suggest that density-dependent competition for scatterhoarded seeds is a strong determinant of pilferage rates.
INTRODUCTION
Many species of mammals (mostly rodents) and many species of birds (mostly corvids) scatterhoard food to conserve it for future use (Vander Wall 1990) . Scatterhoarding is the preferred means of food storage when the hoarder is not able to defend a large collection of food items (i.e. larder) and when the foraging method is not conducive to spending most time near the lar-der. Hoarded food can play a critical role in maintaining body condition and improving survival and/or reproductive success (Price & Jenkins 1986; Wauters et al. 1995; Kuhn & Vander Wall 2008) . However, these undefended food stores are subject to pilfering from a variety of competitors. For animals that store seeds to be consumed weeks or months later, pilfering rates are typically 2-30% per day (Vander Wall & Jenkins 2003) . These high rates of pilferage occur despite the fact that animals have evolved a variety of behavioral strategies to reduce pilferage (Dally et al. 2006; Zhang et al. 2013 Zhang et al. , 2014 Steele et al. 2013 Steele et al. , 2015 . Managing pilferage is a key component of the adaptive strategy of scatterhoarding animals.
An aspect of scatterhoarding that makes this means of food storage work is that pilfered items are not immediately eaten but recached, often repeatedly, until consumption (Vander Wall & Joyner 1998; Jansen et al. 2004 Jansen et al. , 2012 Perea et al. 2011) or germination (Vander Wall 2008; Jansen et al. 2012) . In one intensive study of cache pilfering (Jansen et al. 2012 ), 57% of caches were recovered or pilfered within 1 week, with 99% of the caches being recovered or pilfered within the study period of 1 year. Seeds were often recached multiple times (up to 36 times), sometimes being moved several times in a single day. Most removals (84%) were pilferage events (i.e. by an animal other than the cacher) and despite being frequently handled most seeds were recached rather than eaten (Jansen et al. 2012) .
There is a variety of factors that influence how quickly scatterhoarded items are pilfered, including those arising from the characteristics of the cache and those that are features of the environment. Important cache characteristics include the strength of odor emanating from seeds. Some species of seeds have stronger odors than others. From a seed's perspective, once cached it is best not to be found, so there is strong natural selection to minimize odors emanating from seeds. Native seeds that are adapted for dispersal by scatterhoarding animals are pilfered at a slower rate (suggesting weaker odor) than non-native seeds (Hollander et al. 2012) and seeds with indurate seed coats (a coat that appears to restrict passage of odor molecules) are pilfered more slowly than seeds that lack indurate seed coats (Paulsen et al. 2013 (Paulsen et al. , 2014 . Attractiveness of seeds may be important, with more attractive (e.g. large with thin seed coats) seeds being removed at a faster rate that less attractive (e.g. small with chemical defenses) seeds. Rates of pilferage are also influenced by the size and depth of a cache (Vander Wall 2000; . Finally, spacing of caches is important; widely spaced caches discourage area-restricted search and reduces cache pilferage (Stapanian & Smith 1978; Clarkson et al. 1986 ).
One of the most important environmental influences of cache pilfering is moisture. Wet soils and even high humidity can increase pilferage rates Downs & Vander Wall 2009 ). This means that the rate of cache pilferage can change with the weather. Alternative food, either hidden in the soil (i.e. cached) or available on the ground surface or on plants can influence how diligently animals search for stored seeds. This appears to be one of the causes of masting (the synchronous production of large seed crops) observed in many species of plants that are dispersed by scatterhoarding animals (Vander Wall 2002; Jansen et al. 2004) . In mast years, animals store more seeds than they can consume and many cached seeds are neglected and eventually germinate. Finally, rates of pilferage are likely to rise with increases in the number of animals that are foraging for hidden food (i.e. increased competition among granivores). This latter potential factor does not appear to have been studied.
Given that pilferage of caches is a universal and important feature of this food storing strategy, we need to understand it thoroughly. The goal of this study was to investigate the effect of rodent abundance and richness on pilfering rates. We predict that increased rodent abundance will increase the rate of cache pilferage. With more individuals, the demand for a limited food resource will increase. Most work has focused on the behavior of individuals, and by not fully examining pilfering as a community process (Dittel et al. 2017) , we are likely missing important aspects of the mechanisms that determine rates of pilferage.
MATERIALS AND METHODS

Study areas
This study was conducted in 7 habitat types across an elevation gradient in western Nevada: low desert shrub, sand dune, juniper forest, piñon forest, montane shrub, Jeffrey pine forest and an alpine shrub (see Table 1 for more details). Different habitats had differences in rodent abundance, species richness and species composition, which were important elements of the study design. Sites were chosen near each other for logistical reasons, and in the cases where sites were within the same geographic area (e.g. Pine Nut Range and Whittell Forest and Wildlife Area) sites were chosen that were of obvious different habitat and not transition zones. Within the Pine Nut range, the juniper forest site was at a location dominated by Utah juniper (Juniperus osteosperma) and the piñon forest site was at a location dominated by piñon pine (Pinus monophylla). The montane shrub site was located on the eastern slope of the Carson range in an area that burned in 1982 and was dominated by greenleaf manzanita (Arctostaphylos patula ) and tobacco brush (Ceanothus velutinus). The Jeffrey pine site was located within an unburned forest community dominated by Jeffrey pine and lodgepole pine (Pinus contorta). 
Study design
We determined rodent abundance and species richness by live-trapping. We placed 50 Sherman live animal traps (H. B. Sherman) in a 5 × 10 trapping grid with 15-m spacing between traps at each site. Traps were left open for 5 days and 5 nights for a total of 250 trapping days and nights, and checked twice daily (morning and evening). A single trap was placed at each point on the grid and the trap was baited with a mixture of sunflower and millet. We identified rodents to species and marked individuals with a serially numbered ear tag to prevent recounting. We classified rodent species as scatterhoarding and non-scatterhoarding. Because the study was dependent on rainfall events trapping occurred in either the early spring (May) or fall (September) when rainfall events were more frequent. Table 1 includes the month that each site was sampled. All institutional guidelines for the care and use of animals were followed under University of Nevada Reno IACUC A07/08-30.
Concurrent with trapping, we established 3 wandering transects each consisting of 50 caches spaced approximately 5-m apart. The seed cache transects started >15 m along one side of the trapping grid and "wandered" around the trapping grid, never entering it. We made half of the caches on each transect with seeds native to the study site, and the other half with sunflower (Helianthus annuus) seeds to act as a standard treatment across all study sites. A non-native seed type was necessary because there is not a native seed species found across all 7 habitat types. The native seeds that we used were Indian ricegrass (low desert shrub and sand dune sites), piñon pine (piñon and juniper forest sites), antelope bitterbrush (montane shrub and Jeffrey pine forest sites) and Jeffrey pine (alpine shrub). The number of seeds per cache was chosen based on the average size of rodent-created caches and adjusted so that all seed caches across sites were approximately equal in value (edible mass). Indian ricegrass caches contained 50 seeds (McMurray et al. 1997) , piñon caches contained 3 seeds (Vander Wall 1997), antelope bitterbrush caches contained 10 seeds (Vander Wall 1994) , Jeffrey pine caches contained 5 seeds (Tomback 1982) and sunflower seed caches contained 5 seeds. Cache depth was constant across sites at 10-mm deep at the top, which is within the range of depths that most rodents and corvids cache seeds (Tomback 1982; Vander Wall & Joyner 1998; Vander Wall 2000; Longland et al. 2001) . We made caches using a metal spoon to minimize contaminating seeds with human scent, and groomed the soil after cache placement to remove signs of digging. We marked caches with natural objects (e.g. sticks, cones and rocks) in various arrangements to avoid rodents learning visual cues of cache locations. Seed cache transects were checked daily for 5 days starting the day after establishment. If signs of digging were observed at cache sites, we excavated those sites to verify that seeds were removed. If seeds were not removed, they were reburied. Because rodents have difficulties detecting caches under dry conditions (Vander Wall 2000) , all trials followed significant rain events. To ensure soil moisture conditions were conducive to cache detection, 5 soil samples were collected at day 0 and day 5 in Nasco Whirl-pack plastic bags. Plastic bags were sealed and kept in a cool location until returned to the laboratory. In the laboratory, soil samples were weighed, dried in an oven at 100°C for 48 hand then reweighed to determine water content.
Data Analysis
All data were analyzed using R (R Development Core Team 2017). Rodent capture data (number of unique individuals) were used to determine species richness and abundance. Differences in the rates of cache removal were analyzed using survival analysis (package survival; Therneau & Grambsch 2000; Therneau 2013 ). Because seeds were only monitored for 5 days and we do not know the precise time of removal for seeds taken by rodents, we used right censoring in models. All models were fitted with a Weibull distribution, known for its robustness when modeling survival data (Mudholkar et al. 1996) . Each site was analyzed separately comparing rates of removal among the 3 transects and seed types (native vs non-native). In addition, native and non-native caches (sunflower seeds) were analyzed to determine if there were differences in removal rates across sites using parametric survival regressions. Rodent abundance and species richness were regressed using linear mixed models with mean removal rate to determine if there were any effects of abundance or richness on removal rates. Models were run using the lmm function within the lme4 package (Bates et al. 2015) . Because this R package does not offer any P-values we performed Type II Wald χ 2 -tests using the Anova function in the car package to obtain P-values. For all models, the dependent variable was the cache pilferage rate, and the independent variables were seed type with either rodent abundance, rodent richness or scatterhoarding rodent abundance. In each model, we used transect (1-3) at each site as random effects. Because we were interested in determining the strength of the relationship between our variables we calculated and are reporting R 2 values for mixed models following Nakagawa and Schielzeth (2013) using the sem.model.fits function within the piecewiseSEM package (Lefcheck 2016).
RESULTS
The total abundance of rodents over 5 days and nights of trapping ranged from 3 (alpine shrub site) to 38 (low desert shrub and Jeffrey pine forest sites; Table 2). Species richness across sites ranged from 2 (alpine shrub site) to 5 (low desert shrub, juniper forest and piñon forest sites), with an averaged of 4 species per site. We caught 2 species of cricetids (Peromyscus , native piñon pine seeds were removed faster than sunflower seeds (χ 2 = 25.6, df = 1, P < 0.001 and χ 2 = 15.36, df = 1, P < 0.001, respectively). At the low desert shrub site (a), sunflower seeds were removed faster (χ 2 = 11.85, df = 1, P < 0.001) than the native Indian ricegrass seeds. (Saigo 1969; Vander Wall et al. 2009 ). These 2 species only accounted for 10 individuals of the total 142 individuals caught. Soil moisture at all 7 sites was above 4% at the time that we established seed cache transects and did not drop below 1.5% during the study. Linear mixed models showed negligible effects of transect within each site (residual variance = 0.007, standard deviation = 0.08). Overall, the rates of removal of sunflower versus native seed caches was not significantly different across all sites (χ 2 < 0.01, df = 1, P =0.93). However, at 3 sites there were within-site differences in sunflower and native seed removal. At the juniper forest (χ 2 = 25.6, df = 1, P < 0.001) and piñon forest (χ 2 = 15.36, df = 1, P < 0.001) sites, rodents removed piñon pine seeds faster and at the low desert shrub site, rodents removed Indian ricegrass slower than sunflower seeds (χ 2 = 11.85, df = 1, P < 0.001, Fig. 1) . The low desert shrub site experienced the fastest rate of cache removal (mean ± SD; 43 ± 22% per day) followed by sand dune (26% ± 14% per day), Jeffrey pine forest (26% ± 8% per day), montane shrub (12% ± 7% per day), piñon forest (11% ± 7% per day), juniper forest (7% ± 3% per day), and the alpine shrub site with the lowest removal rate (2% ± 0.5% per day).
Seed removal rates were significantly positively correlated with total rodent abundance (χ 2 = 32.93, df = 1, P <0.001). The mean removal rate per individual was 1.1% per day. Mean rates of removal were not correlated with rodent species richness (χ 2 = 1.6, df = 1, P = 0.43). When re-running the analysis including only the effect of scatterhoarding rodent abundance (i.e. excluding larder-hoarding ground squirrels) the correlation between pilfering and rodent abundance was improved (χ 2 = 55.34, df = 1, P < 0.001, Fig. 2 ; R 2 All = 0.54, R 2 scatterhoarders = 0.65) and there was a significant interactive effect between scatterhoarder abundance and seed type (χ 2 = 4.53, df = 1, P <0.03). Confining the analysis to scatterhoarder abundance increased the daily pilferage rates slightly (1.3%/day/individual). The abundance of sciurid rodents (the only family of scatterhoarding rodents fount at every site) did not have a significant effect on mean daily pilferage rate (χ 2 = 0.33, df = 1, P = 0.56).
Figure 2
Predicted values for the linear mixed models of mean daily removal rates for sunflower (solid line) and native seeds (dashed line) as a function of scatterhoarding rodent abundance (χ 2 = 55.34, df = 1, P < 0.001). Gray polygons surrounding the lines represent the 95% confidence intervals. The effect size of scatterhoarder abundance was 1.3% caches pilfered/individual/ day. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 50 51
DISCUSSION
Pilferage rates did not significantly differ between sunflower seeds and native seeds across the 7 sites. Rodent abundance was the only factor that had a significant effect on seed pilferage rates in this study. The sites with the highest rodent abundance experienced the highest mean daily pilferage rates over the 5-day trials. Excluding non-scatterhoarding rodents from the analysis improved the correlation between rodent abundance and pilfering rates from explaining 54% of the variation in pilferage rates with all rodents to explaining 65% of the variation when considering only scatterhoarding rodents. The non-scatterhoarding rodents (golden-mantled ground squirrels and California ground squirrels) only accounted for 7% of the total individuals captured and occurred at only 2 sites. Our results suggest that on average, a single seed-pilfering rodent contributes 1.3% to the daily pilferage rates. The larger effect size of rodent abundance probably occurred because rodents that do not scatterhoard seeds appear not to be very good pilferers ). This is not surprising as scatterhoarding species are proficient pilferers ). Non-scatterhoarding rodents likely pilfer infrequently, if at all, and their presence in a community has little effect on pilferage rates.
Rodent species richness had no effect on mean daily pilferage rates. The lack of a correlation between rodent richness and seed removal rates suggests that the number of pilfering rodents has a larger impact on removal rates than the species mix (e.g. ratio of chipmunks to kangaroo rats). This is due, in part, to the fact that there was little variation in species richness across sites (max = 5, minimum = 2) with only 2 of the sites (montane shrub and alpine shrub) having fewer than 4 species (Table 2 ). The notion that cache pilfering in rodent communities is often reciprocal (Price & Mittler 2003 Vander Wall & Jenkins 2003) suggests that the identity of the species might not matter as long as the rodent caches seeds. If any 1 species of pilferer were able to disproportionately pilfer from heterospecifics, they would likely extirpate that species because they would lose seeds faster than they could replace them. At the Jeffrey pine forest site, Dittel et al. (2017) showed that pilfering was reciprocal among the most common scatterhoarding species and this is likely the case at the other study sites.
Natural rainfall events were sufficient to promote cache pilfering during this study. Of course, not all rain events were equal so some sites experienced high-er soil moisture during the study period than others. Despite differences in rainfall, the minimum soil moisture required to promote pilfering was met for all 7 sites. The relationship between soil moisture and seed detection is a step function, with a threshold at approximately 0.5% soil moisture (Vander Wall 2000 . Above the threshold seeds become detectable to rodents, and the amount of moisture above that level (within limits) does not really matter. We were also unable to quantify the amount of fruit and seed available to rodents at our sites. Seed abundance may have influenced pilfering rates through density-dependent factors, but our results were well within recorded pilfering rates (Vander Wall & Jenkins 2003) and none of the sites were experiencing mast years during the study (personal observations). Thus, we contend that differences seen in pilfering rates were primarily due to differences in rodent abundance.
The alpine shrub site happened to overlap a caching area used by Clark's nutcrackers (Nucifraga columbiana). These birds cache pine seeds on open slopes at higher elevations, often many kilometers away from and over 1000 m above the forests where these seeds had been collected (Vander Wall & Balda 1977; Hutchins & Lanner 1982; Tomback 1982; Tomback & Linhart 1990; Lorenz et al. 2011) . Our results help to explain why Clark's nutcrackers invest so much energy to transport seeds to these high elevation sites. Pilferage rates at the alpine shrub site were low. In fact, nutcrackers often select caching areas more sparsely vegetated than our site, including cliff faces and rock ledges where seed-caching rodents are virtually absent. In the forests where the seeds were collected (i.e. Jeffrey pine and piñon pine forests), pilferage rates are more than on order of magnitude greater. Furthermore, snow covers the ground for much longer periods (1-2 months longer) at higher elevations sites, and during periods of snow cover, pilferage rates would approach 0% per day. Therefore, caches at higher elevation sites with few rodents would be available to pilferers for shorter periods of time than at lower elevation sites where the seeds are harvested. Greatly reduced rates of pilferage may explain why nutcrackers invest so much energy transporting seeds to these remote sites.
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